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Abstract
In this thesis we compare two manufacturing techniques namely vacuum infusion and
compression molding, used in manufacturing S2 glass fabric/epoxy for high speed impact
applications. Even though compression molding and vacuum infusion are two widely used
manufacturing techniques, the resulting product may be very different. Compression mold-
ing has the advantage of achieving a much higher fiber density for the same thickness. With
a higher fiber density, the composites made by compression molding have better mechan-
ical properties than a composite made by vacuum infusion. However, vacuum infusion is
faster and more economical. The mechanical performance of the composites manufactured
by these two processes are compared by performing tensile tests, low velocity impact tests
and high speed impact tests for the determination of the limit speed V50. Under tensile
loading, compression molded specimens indicate a 30% increase in stiffness and a 20% in-
crease in strength per unit of weight. Compression molded composites absorb less energy
and rebound more energy per unit of weight than vacuum infusion composites. Lastly,
compression molded and vacuum infusion composites absorb the same amount of energy
per unit weight at their V50 speeds.
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Chapter 1
Introduction
Throughout history, any particular era can arguably be defined by its latest developments
in materials. For instance, the Stone Age, the Iron Age, the Industrial Revolution, the
electronic revolution and the aerospace era of today can all be attributed to their tech-
nological breakthroughs in material development [1, p. 1]. In recent times, the onset of
advanced composite materials has led to the creation of many new materials which exhibit
mechanical properties far more attractive than their monolithic predecessors, such as steel
and aluminum. Fiber-reinforced composites, for example, can be made to have the same
strength and stiffness as high-strength steel, yet 70% lighter [2, p. 26]. Applications of com-
posite materials include sporting equipment, aircraft, space shuttles, medical equipment,
boats, cars and many more [3, pp. 34-40].
The definition of the word composite is to be made up disparate or separate parts. A
composite material made of separate parts has the ability to combine the best properties
of its constituents to improve the mechanical behavior, namely the strength and stiffness,
of the material as a whole. For example, cladding a high-strength aluminum alloy that does
not resist corrosion with a weak, corrosion resistant aluminum will result in a composite
material with both high strength and corrosion resistance [2, p. 7].
Composite materials can come in many different forms due to the wide availability of mate-
rial selection. Common composite material classifications are fibrous composite materials,
particulate composite materials and a combination of the two.
1
2Fibrous composite materials consist of fibers in a matrix. A fiber is defined as as long
slender filament of a larger bulk material. The fiber is generally characterized by having
both a high length-to-diameter ratio and a near-crystal size diameter. Having the crystals
aligned along the fiber axis allows for the fibers to be stiffer and stronger than the same
material in bulk form, as well as fewer internal defects. For example, ordinary plate glass
fractures at stresses of 20MPa, whereas glass fibers have strengths of anywhere between
2800 to 4000MPa [2, p. 3]. Typically, the fibers are far thinner than human hairs (10 µm
in diameter) which allows the fibers to bent and woven into fabric, creating easily workable
fabrics made from materials such as carbon and glass.
The matrix is defined as the binder material that bonds the fibrous layers together, enabling
it to act as one cohesive material and allowing it to carry a load. The purpose of the
matrix is to support and protect the fibers as well as to distribute the stress between any
damaged fibers. The matrix can be made from polymers, metals, ceramics or carbon. The
main classes of structural polymers are rubbers, thermoplastics and thermosets. Rubbers
are cross-linked polymers that have a semicrystalline state. Thermoplastics are branched
polymers that consist of a primary chain of mers with other chains that are attached in three
dimensions often resembling a tree-like structure. Due to this physical linkage, thermosets
do not cross-link and therefore will be reversible allowing them to be repeatedly softened by
heating and hardened by cooling. Examples of thermoplastics are nylon, polyethylene and
polysulfone. The third type of polymer, a thermoset, is a cross-linked polymer that has
a large number of three-dimensional highly interconnected chains. Thermoset polymers
typically begin in their liquid form and are chemically reacted until almost all of the
molecules are irreversibly cross-linked, causing the polymer to harden or set permanently.
Examples of thermosets are phenolics, polymides and epoxies [2, p. 5]
Unlike how the fibrous composite materials have an orientation, the particulate composite
materials consist of particles of one or more materials suspended in a matrix of another
material. Particulate composites can come in many forms to improve the function of the
matrix material alone and produce and entirely new material. One example is a solid-
rocket propellent made from inorganic particles such as aluminum powder and perchlorate
oxidizers in a flexible organic binder such as polyurethane or polysulfide rubber. This
is particularly useful as a fuel source because the composite material can be made with
3uniform particulate spacing to ensure a steady burning reaction which is crucial for thrust
control. Another widely used particulate composite is concrete. Concrete consists of parti-
cles of sand and gravel that are bonded together with a mixture of cement and water that
is chemically reacted and hardened. [2, p. 8].
Third type of composite is a hybrid composite which utilizes more than one type of com-
posites discussed above as its constituents. For example by using graphite fiber with an
oxygen-free high-conductivity copper as the matrix, the graphite fibers will act as a heat
path, while by contrast, the matrix materials will act as a thermal insulator so that ther-
mal conduction through the thickness is lower by orders of magnitude than the in-plane
direction. This design allows for the development of a structure that is a good thermal
insulator in some directions, but also a thermal conductor in others [1, p. 15]
As previously stated, the largest advantage of using a composite material is to gain the
benefits of each of its constituents’ attractive properties. One of the greatest benefits of
composite materials is a high strength-to-weight ratio. Other advantages include, weight
reduction, tailorable properties, longer life, lower manufacturing costs and increased ther-
mal or electrical conductivity. However, like all materials, composites have disadvantages,
too. These disadvantages include high cost of raw material, possible weakness of transverse
properties, a weak matrix with low toughness, difficultly with attachments and difficulty
with failure analysis [3, p. 5].
Specifically looking at fiber-reinforced composites, their two most common advantages con-
sist of having a very high strength-to-weight and stiffness-to-weight ratio. Looking at these
parameters allows for the investigation of how the material will perform per unit of weight,
which is particularly important for weight sensitive structures [3, p. 4]. Mathematically,
the specific modulus (stiffness) and specific strength can be represented as:
Specific Modulus =
E
ρA
(1.1)
Specific Strength =
σult
ρA
(1.2)
where E is the Young’s Modulus, σult is the ultimate tensile strength (UTS) and ρA is the
areal density, which is calculated as:
ρA = ρt (1.3)
4with ρ being the density and t the thickness of the material [4]. The measure of the specific
modulus and specific strength is just one parameter for comparing composite materials,
though it will be one the most important for this study.
1.1 Objective of This Study
With the advantage of having a high strength-to-weight and stiffness-to-weight ratio, light
weight fiber-reinforced composite materials are increasingly being used by the military as
armor [5]. Using the previously defined notion of comparing the specific strength and
specific stiffness of composites, this study will investigate the mechanical advantages and
disadvantages of using s2 glass fabric/epoxy composites that were manufactured by two
different methods, namely vacuum infusion and compression molding, for the use of S2
glass fabric/epoxy composites as armor. The mechanical properties of the composites
manufactured by these two methods will be compared by performing tensile tests at varying
temperatures with varied amounts of nanoclay reinforcement, low velocity impact tests at
varied amounts of nanoclay reinforcement and high velocity impact tests.
The curing phase of the of vacuum infusion process is limited to the atmospheric pressure
(14.7 psi), which causes the fiber fraction of these composites containing the same number
of woven fabric plies to be lower than the composites manufactured by compression molding
which, in this experiment, applies up to 30 tons of force. By using compression molding,
more fibers can be confined into the same cross-sectional area, making the material more
fiber dominated and thus increasing the strength and stiffness of the composite. The
extent to which the higher fiber density changes the mechanical properties under tensile
loading and impact testing will be the main focus of this study. Along with determining
the differences in the mechanical performance of the two composites, the cost and labor
involved in the two processes will also be analyzed and compared to determine which of
the processes is more advantageous and efficient for impact resistance.
51.2 Background and Previous Work
There has been a significant amount of research surrounding the application of fiber-
reinforced composites as a material to withstand a high speed projectile impact. Wang
et al. [5] studied the high speed impact of an armor piercing 7.62 AP round fired at an
average velocity of 759.54 m/s on various configurations of fiber type and thickness. They
concluded that the fiber-reinforcement alone was not suitable for defeating the high speed
amour-piercing rounds without coupling the material with a ceramic plate. Though, ac-
cording their research, the fiber-reinforced composites would be effective against fragments,
or other small non-armor piercing projectiles. Research by Cunniff et. al [7] supports this
notion with their research using M5 fiber against fragmented particles. It was shown that
by using M5 fiber, the areal density can be reduced by 40-60% while maintaining the
same impact resistance that Kevlar KM2 fabric can achieve against fragmented projec-
tiles. Studies by Lim et. al [8] also confirm these findings that the failure mechanism of
fiber reinforced composites are highly dependent on the projectile and their shape.
Studies by Cheeseman et. al [9] analyzed the need to optimize the performance of ballistic
materials through the hybridization of composites and by using different orientations and
sizings of the fibers. By varying the thickness and areal density of a nylon/ethylene vinyl
acetone composite laminate, Iremonger [10] found that the laminates with a lower areal
density showed improved ballistic performance for fragment-simulating projectiles (FSP).
Though, the composite with a higher areal density in this study had a smaller thickness,
which Guynn [11] showed in the study of the influence of lay-up and thickness on composite
impact damage and compression strength, that thick laminates had higher compression
failure strain than thin laminates impacted at the same energy. According to Guynn, this
was due to larger delaminations forming in thin laminates at the black-ply interface than in
thick laminates. Supporting this, work by Garcia-Castillo et. al [4] states the perforation-
threshold energy increased with the areal density for glass fiber woven laminates of the
same thickness.
Further modifications by Hosur et. al [12] showed that by creating a hybrid composite
consisting of carbon fiber with epoxy and a small percentage of nanoclay by weight, there
are improvements to the impact damage area induced by a low velocity impact. This study
6showed that with the addition of nanoclay, the laminate will be stiffer, thus lowering the
failure strain and localizing the damage. Avila et al. [13] furthers this claim by showing
that at the optimal nanoclay wt% of 5%, the composite impact strength is increased,
while the damaged area is decreased by approximately 20%. In this study, Avila et al.
found that because this hybrid composite functions on two different scales, the nano and
micro, there is a mismatch between the coupling of the fiber and epoxy/nanoclay matrix.
When the low velocity impact is imposed on the composite, the wave propagation and
mode superposition lead to an increase in damping parameters. This coupling between
the different vibration modes of the fibers and matrix in the confined space of the impact
lead to a smaller localized damage area. Thus, according to this study, the nano-modified
epoxy is more efficient than the conventional one.
Studying the affects nanoclay has on hybrid composites, Chowdhury et al. [14] showed that
for carbon fiber epoxy/nanoclay hybrid composites, that nanoclay infusion at quite low
concentrations, 2 wt%, increased the flexural properties as well as the thermal stability of
the system. In addition, Chowdhury et al. also revealed through micro-structural studies
that nanoclay promotes good adhesion of fiber and matrix and thereby increasing the
mechanical properties. A study by Karippal et al. [15] showed the mechanical properties
such as the ultimate tensile strength, Young’s modulus, flexural strength, flexural modulus,
interlaminar shear strength and the micro-hardness of a hybrid composite consisting of fiber
glass with an epoxy/nanoclay matrix were all increased with nanoclay loading up to 5 wt%.
From these studies, it can be seen that small changes, such as fiber orientation, thickness
and hybridization with nano particles in the composite material can lead to major changes
in the mechanical behavior of the material. As previously stated, this study will investigate
the differences between two manufacturing processes, namely compression molding and
vacuum infusion, and discover how the mechanical properties change from using either
process. Experimental studies will reveal how the materials behave under tensile loading,
subjected to a low impact velocity, as well as a to a high impact velocity and if the
resulting mechanical properties will be favored by one of the manufacturing processes with
the inclusion of nanoclay and/or with the variance of temperature.
Chapter 2
Manufacturing of Fiber-Reinforced
Composite Materials
2.1 Vacuum Infusion
2.1.1 Overview
Vacuum infusion is the process by which resin is pulled through by way of a vacuum pump
into an enclosed volume containing the fiber layup. Once all of the resin has been drawn
into the air-tight bag, the fibers will be infused and will be left to cure under atmospheric
pressure. The equipment required for vacuum infusion is a vacuum pump with a resin trap,
a glass table, vacuum sealing bags, flow channel material, a peel-ply, epoxy compatible
hosing and various tools for cutting. The resin for the system used for vacuum infusion
consists of Epoxy: Epon 828 Hardener: Epikure W and 10% Heloxy 61. The Heloxy 61 is
used to lower the viscosity of the resin to allow for a faster infusion time.
2.1.2 Manufacturing Procedure
To begin, the first vacuum bag is sealed, air-tight, to the top of the aluminum table to
create a clean surface for the process. With the bottom bag in place, the fibers are then
oriented on top followed by the peel ply and the flow channel, as seen in Figure 2.1. Next,
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8as shown in Figure 2.2 the inlet tube is connected to the resin system on the right hand
side and the outlet is connected to the resin trap and vacuum pump. When the tubes
and fiber are in place, the top vacuum bag is carefully sealed over the entire arrangement.
Finally, the vacuum pump is turned on to draw in the resin and start the infusion process.
When the fibers are fully saturated, the pumped is then shut off and the newly infused
laminate is left to cure under atmospheric pressure for 1 week. After 1 week, the laminate
is removed from the vacuum bag and cured at 120◦C for 2 more hours.
Figure 2.1: Overview of the fiber stacking on top of the aluminum plate and first vacuum
bag layer with the peel ply and flow channel.
Figure 2.2: Overview of the vacuum infusion process. The vacuum pump draws the resin
from a container, through the fiber layup and into the resin trap.
92.1.3 Advantages and Disadvantages
Unlike other composite material manufacturing techniques, the flexibility of the vacuum
bag introduces a novel aspect which easily allows for the production of simple and complex
shapes [16]. Creating large products, such as wind turbine blades and boat hulls [17], is also
a relatively east feat for vacuum infusion as well because the vacuum bags are inexpensive,
so scaling up the size of the part adds little cost to the process. Additionally, the feasibility
of the overall quality control for this process is improved because inspections can take place
in real time as the fibers are being infused with the resin. Other advantages include:
• Because the vacuum infusion process is a closed mold technique, there is little to no
exposure of any hazardous pollutants from the off-gassing of the epoxy as it cures.
• High control over the laminate thickness
• The vacuum pump removes the air from the resin, which in return results in few
voids and a stronger bond between the fiber and matrix [18].
On the other hand, vacuum infusion has several disadvantages. This method can be very
labor intensive due to the amount of care required in cutting the fibers, mixing and de-
gassing the epoxy resin, and creating an airtight vacuum seal for the closed mold bag. This
process is also very time intensive. A hardener with a slow gel time, typically 5 hours, is
required in effort to ensure that the epoxy does not harden during the infusion and only
after a period of time when the fiber has been fully saturated. With the recipe for the
epoxy resin in this study, it takes 1 week for the epoxy to cure. The 1 week lead time
could be a deterrent if a quick turnaround time is needed. Additionally, vacuum infusion
requires skilled workers to build the air tight mold required for this process, otherwise air
will be introduced into system, severely compromising the quality of the composite.
2.1.4 Cost Analysis
The vacuum infusion equipment costs are listed in Table 2.1. The approximate cost for the
vacuum infusion equipment is $3420.00. The cost to manufacture at 24in. x 24in x 20 ply
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(1/4”) vacuum infusion composite panel is tabulated below in Table 2.2. The approximate
cost for manufacturing a panel of this size is $140.00.
Table 2.1: Vacuum infusion equipment costs
Item Cost
Vacuum Pump $1200.00
Resin Trap $300.00
Glass
Table Top
$120.00
Oven $1500.00
Misc.
(Tools, etc...)
$300.00
Total: $3420.00
Table 2.2: Cost breakdown for manufacturing a 24in. x 24in. 20 ply (1/4”) vacuum infusion
panel
Item
Cost Per
Unit
Cost Per
Panel
Vacuum Bag
$600.00/
1800ft2
$6.00
Peel Ply
$150.00/
900ft2
$1.00
Breather
$482.30/
950ft2
$5.00
Spiral Tubing
$31.50/
100ft
$1.25
Sealing
Tape
$4.21/roll $8.50
S2 Glass
Fiber
$1715.85/
1562.5ft2
$90.00
Epoxy $60/1gallon $9.00
Hardener $60/1gallon $5.00
Hose $0.11/ft $0.50
Misc. Approx. $10.00
Approx. Total $140.00
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2.2 Compression Molding
2.2.1 Overview
Compression molding is the process by which a pre-impregnated fiber/resin layup is cured
under high temperature and pressure on machine press. Unlike the vacuum infusion pro-
cess, the fiber woven fabric is already infused with the resin through a process called
pre-impregnation. Pre-impregnated fibers are made by applying the resin to the clean
fibers by painting it on. Once the fibers have been fully saturated by the resin, they are
placed into an oven for 1 hr at 120◦C to be partially cured and then stored for later use.
This process uses a resin system consisting of Epon 862 with Epikure W as the hardener
and Heloxy 61 (15% by weight) as the solvent to reduce the viscosity.
2.2.2 Manufacturing Procedure
Utilizing an open mold configuration, the partially cured pre-impregnated fibers are ar-
ranged in the typical [0,90]s layup pattern described in section ?? and sealed inside of a
vacuum bag for two reasons: (1) to help rid the system of air to eliminate voids and (2) to
keep the press clean from any excess resin. The layup is now ready to be placed onto the
Wabash Genesis press (Figure 2.3) where it is to be pressed at a light touch pressure at
130◦C until the resin has reached its gel point, which is typically about 15 minutes. From
there, a force of 30 tons or 600 psi for a 10” x 10” panel is applied for 1 hour. After one
hour, the epoxy will be fully crystallized and the laminate can be removed from the press.
Finally, the laminate is place in the oven to fully cure at 177◦C for 4 hours.
2.2.3 Advantages and Disadvantages
Compression molding is a fairly reliable and simple method of manufacturing composite
laminates. Due to the ease of manufacturing, there is a high success rate of producing
composites free of inclusions and air bubbles. Most recently, manufacturers have been
choosing compression molding because it is one of the least expensive ways to mass-produce
products [19]. Compression molding also allows for fiber-reinforced composites, of the same
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Figure 2.3: Overview of the compression molding process. The Wabash Genesis pro-
grammed to apply a 30 ton force at 130◦C
thickness, to have up to a 20% higher fiber density as seen through experimental results in
this study.
Though, a major draw back to this process is the initial cost. A compression molding
machine can costs upwards of $50,000, but depending on the needs of the process, such
as producing more composites in a shorter amount of time, this price could be justified.
Another drawback to compression molding is that in effort to appropriate the correct
amount of matrix material in a complex mold, a thermal analysis must be conducted to
ensure there is no waste of material [20].
2.2.4 Cost Analysis
The compression molding equipment costs are listed in Table 2.3. The approximate cost
for the vacuum infusion equipment is $52,000.00. The cost to manufacture at 10in. x 10in
x 34 ply (1/4”) compression molded composite panel is tabulated below in Table 2.4. The
approximate cost for manufacturing a panel of this size is $36.50.
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Table 2.3: Compression Molding Equipment Costs
Item Cost
Compression
Molding
Press
$50,000.00
(min.)
Oven $1500.00
Misc.
(Tools, etc..)
$500.00
Total $52,000.00
Table 2.4: Cost breakdown for manufacturing a 10in. x 10in. 34 ply (1/4”) compression
molded panel
Item
Cost Per
Unit
Cost Per
Panel
S2 Glass
Fiber
$1715.85/
1562.5ft2
$26.00
Vacuum
Bag
$600/
1800ft2
$2.00
Epoxy $60/1 gallon $5.50
Hardener $60/1 gallon $2.00
Sealant
Tape
$4.21/roll $1.00
Approx. Total $36.50
2.3 Manufacturing Process Comparison
Even though the initial cost of the compression molding process is about 15 times higher
than the vacuum infusion process, this cost can easily be recuperated after a short amount
of time because the lead time for the compression molding machine is about 10 times higher.
By comparing the cost to manufacture a composite of the same size with vacuum infusion,
a 10in x 10in (the limitation of the press in the study) panel will cost $24.30/.694ft2, which
is 33% cheaper than the 10in x 10in compression molding panel. However, if a steady
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output of composite panels were sold at an assumed mark up of 100% from a company
with one compression molding machine and three vacuum infusion tables it will only take
approximately 1.5 years for the compression molding process to be more profitable.
Profits aside, there are many variables to take into consideration when considering which
process is ideal for the desired product. Vacuum infusion is a great choice for custom one-
off complex geometries, whereas compression molding yields a much simpler, but stronger
material due to a higher fiber density. However, complex geometries can be produced with
compression molding, but the tooling costs for the mold may add a significant cost to the
final product. Overall, the compression molding process is a faster, simpler and a less labor
intensive process than vacuum infusion. For instance, six compression molding panels can
be made in one day with one press, whereas one vacuum infusion panels can be made in
one week per set up.
Chapter 3
Refinement of Pre-Preg
Production
3.1 Using Acetone as the Solvent
Unlike the process described in section 2.2.1, the initial procedure to produce the pre-
impregnated epoxy/fiberglass plies specified to mix the 3:1 epoxy to curing agent ratio
with 50% acetone by weight to lower the viscosity to point at which the epoxy/hardener
resin system could easily be painted onto an individual 10in. x 10in. fiberglass ply.
To manufacture pre-pregs in this manner, each individual layer of fiberglass is laid out and
then coated with the epoxy-resin system described above. After the desired amount of
plies are coated with the epoxy-resin system, they are individually stacked into oven for 1
hour at 120◦C to begin the curing phase. During this initial phase, the acetone is expected
to fully evaporate from each ply, leaving only the epoxy and hardener. Even though this
method is effective, it has three major problems: 1. The oven is only large enough for
12 plies at once, which creates a bottleneck in the manufacturing operation if a thicker
composite is desired. 2. The evaporating acetone fumes are hazardous. 3. It was assumed
that the majority of the acetone does not actually evaporate from the resin-system and
remains trapped within the epoxy due to delamination issues.
To test the assumption of the poor evaporation of the acteone, (6) plies were coated with
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the epoxy/hardener/acetone solution and weighed before and after the oven cycle. The
results of this test, tabulated in Table 3.1, show only 16.7% of the acetone evaporated on
average per ply.
Table 3.1: Acetone Evaporation test.
Ply
Total Weight
of Resin (g)
Initial Weight
of Acetone (g)
Weight of Acetone
After 1 Hour (g)
Percent of Acetone
Evaporated (%)
1 20.70 10.35 8.95 15.6
2 20.90 10.45 8.85 18.1
3 20.90 10.45 9.25 13.0
4 19.60 9.80 8.60 14.0
5 21.40 10.70 9.15 16.9
6 20.70 10.35 8.45 22.5
3.2 Using Heloxy Modifier 61 as the Solvent
To solve all three of these problems, the solvent was changed from acetone to Heloxy
Modifer 61. Heloxy Modifier 61 is a monoepoxide that is widely used in viscosity reducing
modifications. Heloxy Modifier 61 does not need to evaporate out of the resin-system
because it is a monoepoxide, which is designed to bond with the epoxy chains during curing.
Without the need for evaporation, this enables the plies to be stacked on one another in
the oven during the first curing phase, which eliminates any potential bottlenecks during
the composite manufacturing process and allows thicker composites to manufactured in a
faster amount of time. Also, without the evaporation, there are no adverse health effects
from the fumes during the initial curing phase. Lastly, using Heloxy Modifer 61 as the
solvent reduces the viscosity to the same point as acetone, so the time it takes to apply the
epoxy resin system is similar for both solvents while improving the speed of the process
overall.
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3.3 Comparing the Effects of Different Solvents
Using the tensile test procedure described in Section 4.1.1, the effect on the mechanical
properties of the composite by using either acetone and Heloxy Modifier 61 as a solvent
are compared. Using the tensile test procedure described in Section 4.1.1, (5) samples of
compression molded composites containing (10)-plies of fiberglass and using either acetone
or Heloxy Modifer 61 as the solvent were tested. The characteristic results, seen in Figure
3.1 and Table 3.2, show a 31.6% increase in stiffness, a 28.6% increase in strength and a
2.3% increase in elongation for the composite containing Heloxy Modifer 61 as the solvent.
Not only does using Heloxy Modifier 61 as the solvent ease the manufacturing process, but
it yields a higher performing composite.
Figure 3.1: Stress-Strain curves of compression molded composites containing acetone and
Heloxy Modifer 61
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Table 3.2: Average values of material properties of compression molded epoxy/fiberglass
composites with acetone and Heloxy Modifier 61
Sample
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
Acetone 25.3 604.9 0.0352
Heloxy
Modifer 61
33.3 778.0 0.0360
Chapter 4
Experimental Procedure
4.1 Tensile Tests
4.1.1 Tensile Test Set-up
In this study, the tensile tests were performed using an MTS 810 97-KN universal testing
system generally purposed for static and low fatigue tests. All of the tensile test were
performed by a controlled displacement of 2mm/min. Throughout the test, the data was
collected by the MTS data-logging software at a sampling rate of 200hz.
Figure 4.1: MTS 810 97-KN Tensile Test Machine with Environmental Chamber and Data-
logging Software
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Using the environmental chamber, tensile tests can be conducted at temperatures between
-129◦C and 316◦C. The internal heating coils will provide the necessary heat flux for high
temperatures, whereas liquid nitrogen is needed to cool the chamber to the required tem-
perature below room temperature (22◦C).
4.1.2 Tensile Test Specimen Characterization
The vacuum infusion and compression molding specimens both used a 10-ply symmetric
[0,90]s fiber layup. Both specimens followed the ASTM D3039 standard test method for
tensile properties of polymer matrix composite material guidelines for determining the
dimensions required to make a tensile specimen. However, due to the manufacturing re-
strictions of the compression molding process, the maximum length of the tensile specimens
was reduced to to 8 inches, thus reducing the gauge length to 4 inches for the compression
molded specimens only. Because the compression molding process applies more pressure to
the fibers and epoxy during the manufacturing process, a 10-ply layup will yield a specimen
with a thickness of 0.070 inches. The tensile specimens for each process were chosen to
have the same number of plies to effectively study how the compression molding process
can alter the composite’s mechanical performance.
Figure 4.2: ASTM D3039 standard dimensions for tensile properties
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The laminates made from both the vacuum infusion and compression molding techniques
for this experiment are orthotropic and oriented with a 0◦/90◦ layup symmetric about
the mid-plane. The laminates were constructed in this fashion to eliminate the shear-
extension and shear-shear coupling. Without the interaction between the shearing stresses
and normal strains and between the shearing stresses and shearing strains in different
planes, these laminates will not bend or rotate while subjected to an axial load. The
material properties for orthogonal laminates can be mathematically represented as:

σ1
σ2
σ3
τ23
τ31
τ12

=

C11 C12 C13 0 0 0
C12 C22 C23 0 0 0
C13 C23 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66


1
2
3
γ23
γ31
γ12

(4.1)
Where σi are the normal stresses to direction 1, 2 &3, τij are the directional the shear
forces, Cij are the constituents of the stiffness matrix, j are the directional strains and γij
are the shearing strains [2, pp. 59-63].
4.2 Low Velocity Impact Tests
4.2.1 Low Velocity Impact Test Set-up
The low velocity impact tests were performed using the Instron-Dynatup 8250, shown in
Figure 4.3, drop weight impacter tester. The velocity of the impacter is controlled by
changing two parameters: the size of the mass and the height at which the weight is
dropped from. The mass selected for this study was 13.254 kg, which will give an impact
velocity of 4.35 m/s when dropped from the highest available height on the machine.
With this mass and velocity, an impact of energy of 126 Joules is achieved. The Instron-
Dynatup 8250 is equipped with an environmental chamber that is able to conduct tests
in a temperature range from -50◦C to 175◦C. Inside of the chamber, the specimens are
pneumatically clamped in a 76mm diameter fixture. The machine is also equipped with a
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pneumatic break to prevent multiple strikes during the test.
The test chamber is coupled with the Dynatup 930-I data acquisition system to record the
time histories of the impact loads and velocities. The impact loads are measured by a load
cell located above the impacter and the velocity is measured by a pair of photoelectric-
diodes at the base of the machine. Using the impact load and velocity, the energy absorbed
by the specimen (Ea)can be calculated and recorded by the following:
f(t) = mg − p(t) (4.2)
a(t) =
f(t)
m
= g − p(t)
m
(4.3)
v(t) = vi +
∫
a(t)dt = vi + gt− 1
m
∫
p(t)dt (4.4)
x(t) =
∫
v(t)dt = vit+
1
2
gt2 − 1
m
∫
p(t)dt (4.5)
E(t) = K(t) + V (t) + Ea(t) = K(0) (4.6)
Ea(t) = K(0)−K(t) = 1
2
m[v2i − v(t)2] (4.7)
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Where,
a(t) = Resultant acceleration of the impacter at time t
Ea(t) = Energy absorbed by the specimen at time t
E(t) = Total energy of the impacter and specimen at time t
f(t) = Total force acting on the impacter at time t
g = Acceleration due to gravity
K(t) = Kinetic energy of the impacter at time t
m = Mass of the impacter
p(t) = Measured load value
vi = Impact velocity measured by the photodiodes
v(t) = Velocity of the impacter at time t
V(t) = Potential energy of the impacter at time t
x(t) = Deflection of the impacter at time t
Figure 4.3: Instron-Dynatup 8250 impact test machine
4.2.2 Low Velocity Impact Test Specimen Characterization
The specimens made by both compression molding and vacuum infusion were a square 4in.
x 4in. by 1/8 in. thick panel. The vacuum infusion specimens contain a (20)-ply [0,90]s
layup whereas to achieve a 1/4in. thickness, the compression molded specimens required
a (34)-ply [0,90]s layup.
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4.3 High Velocity Impact Tests
4.3.1 Determining the High Speed Impact Limit, V50
The high-speed impact tests were performed using a gas-gun assembled in-house (Figure
4.4). The projectile, a 1.1 gram 22 caliber fragment simulating projectile (FSP), encased in
plastic sabot seen in Figure 4.5, is fired from the gas-gun and propelled using compressed
helium gas. The pressure of the gas and projectile insertion depth control the velocity of
the projectile. The incident and residual velocity can be measured through the use of the
high speed camera coupled with image tracking software coded in MatLab.
With the specimens (1/4” thickness) clamped from both ends inside of a safe enclosure, the
projectiles were first fired at velocities much higher than the predicted V50 of the laminate,
roughly 525 m/s. From here, the speeds were incrementally reduced until there was a non-
penetration shot. Finally, shots were then fired slightly above and below the penetration
limit to acquire enough data to accurate measure the V50 of the fiber-reinforced composite
material.
Figure 4.4: High speed impact gun set-up
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Figure 4.5: FSP encased in plastic sabot
4.3.2 High Speed Impact Test Specimen Characterization
The composite dimensions used for this experiment were 10in. x 10in. by 1/4in. thick
panels. At a 2in spacing between each shot, these dimensions accommodate approximately
(8) shots per panel. Similar to the low velocity impact tests, the vacuum infusion specimens
contain a 20-ply [0,90]s layup whereas to achieve a 1/4in. thickness, the compression
molded specimens required a 34-ply [0,90]s layup.
Chapter 5
Experimental Results
5.1 Tensile Tests
5.1.1 The Effect of Nanoclay Reinforcement on Compression Molded
Composites
To begin characterizing the material properties of the composites manufactured by com-
pression molding, the specimens were first tested at room temperatures to observe the
affect nanoclay has when introduced into the fiber-reinforced composites. The specimens
were subjected to room-temperature (22◦C) tensile loading with a cross-head displacement
of 2 mm/min in the MTS machine. The force and displacement histories were recorded
in the MTS software during the test procedure. With the time-history data generated by
the software, the stress-strain curves for the samples with varying amounts of nanoclay by
weight of epoxy were generated in MatLab. The nanoclay percentages used were 0wt%,
1wt%, and 5%. The stress-strain curves for these specimens can be seen in Figures 5.1-5.4
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Figure 5.1: Stress-Strain curves of (5) 10-ply compression molding samples with 0wt%
Nanoclay at Room Temperature
Figure 5.2: Stress-Strain curves of (5) 10-ply compression molding samples with 1wt%
Nanoclay at Room Temperature
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Figure 5.3: Stress-Strain curves of (5) 10-ply compression molding samples with 5wt%
Nanoclay at Room Temperature
Figure 5.4: Stress-Strain curves comparing varying nanoclay percentages at Room Tem-
perature
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Table 5.1: Average values of material properties of compression molded epoxy/fiberglass
composites with 0wt%, 1wt%, and 5wt% nanoclay at room temperature
Sample
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
0% 32.5 794.3 0.0371
1% 34.3 700.2 0.0307
5% 32.1 642.0 0.0278
The results seen in Figure 5.4 and Table 5.1 indicate a slight increase in the Young’s
Modulus with the addition of 1wt% nanoclay by weight of epoxy, but little change when
the amount of nanoclay was increased to 5wt% when tested at room temperature. Both
the ultimate tensile strength and failure strain were reduced with the addition of nanoclay
showing that the composite becomes more brittle when nanoclay has been introduced.
With the exception of the increased stiffness in the 1wt% nanoclay specimens, nanoclay
has an adverse effect on these compression molded composites.
5.1.2 The Effect of Temperature on Compression Molded Composites
The compression molded epoxy/fiberglass reinforced composites with varying amounts of
nanoclay reinforcement were then subjected to tensile loading at different temperatures in
the MTS with a crosshead displacement of 2mm/min. The environmental chamber was
used to perform the high temperature tests at 49◦C and 71◦C. The environmental chamber
was then cooled using liquid nitrogen to perform the low temperature tests at -20◦C and
-54◦C. The epoxy/fiberglass composites containing 0wt%, 1wt%, and 5wt% nanoclay were
all tested at these temperatures to obtain the stress-strain curve for each specimen.
High temperature tensile test: 71◦C
The compression molded epoxy/fiberglass composites containing 0wt%, 1wt%, and 5wt%
nanoclay were first subjected to a high temperature tensile test at 71◦C. The stress-strain
curves calculated for these specimens at 71◦C can be seen in Figures 5.5-5.8.
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Figure 5.5: Stress-Strain curves of (5) 10-ply compression molding samples with 0wt%
Nanoclay at 71◦C
Figure 5.6: Stress-Strain curves of (5) 10-ply compression molding samples with 1wt%
Nanoclay at 71◦C
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Figure 5.7: Stress-Strain curves of (5) 10-ply compression molding samples with 5wt%
Nanoclay at 71◦C
Figure 5.8: Stress-Strain curves comparing varying nanoclay percentages at 71◦C
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Table 5.2: Average values of material properties of compression molded epoxy/fiberglass
composites with 0wt%, 1wt%, and 5wt% nanoclay at 71◦C
Sample
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
0% 26.4 634.8 0.0336
1% 27.2 545.5 0.0289
5% 26.3 420.4 0.0267
Comparing the high temperature (71◦C) results seen in Figure 5.8 and Table 5.2 to the room
temperature results in Figure 5.4 and Table 5.1, the mechanical properties have decreased
in every aspect. The stiffness has decreased and the material comes more brittle, thus
showing a reduction in performance for these materials at a higher temperature.
High temperature tensile test: 49◦C
Next, the compression molded epoxy/fiberglass composites containing 0wt%, 1wt%, and
5wt% nanoclay were tested at 49◦C. The stress-strain curves calculated for these specimens
at 49◦C can be seen in Figures 5.9-5.12.
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Figure 5.9: Stress-Strain curves of (5) 10-ply compression molding samples with 0wt%
Nanoclay at 49◦C
Figure 5.10: Stress-Strain curves of (5) 10-ply compression molding samples with 1wt%
Nanoclay at 49◦C
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Figure 5.11: Stress-Strain curves of (5) 10-ply compression molding samples with 5wt%
Nanoclay at 49◦C
Figure 5.12: Stress-Strain curves comparing varying nanoclay percentages at 49◦C
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Table 5.3: Average values of material properties of compression molded epoxy/fiberglass
composites with 0wt%, 1wt%, and 5wt% nanoclay at 49◦C
Sample
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
0% 30.5 707.1 0.0353
1% 29.7 622.0 0.0299
5% 31.0 600.7 0.0283
Comparing the high temperature (49◦C) results seen in Figure 5.12 and Table 5.3 to the
room temperature results in Figure 5.4 and Table 5.1, the mechanical properties have
decreased in every aspect. Similar to the results obtained from the tensile test at 71◦C,
the stiffness has decreased and the material comes more brittle, again showing a reduction
in performance for these materials at a higher temperature.
Low temperature tensile test: -20◦C
The compression molded epoxy/fiberglass composites containing 0wt%, 1wt%, and 5wt%
nanoclay were then tested at low temperatures beginning with -20◦C. The stress-strain
curves calculated for these specimens at -20◦C can be seen in Figures 5.13-5.16.
36
Figure 5.13: Stress-Strain curves of (5) 10-ply compression molding samples with 0wt%
Nanoclay at -20◦C
Figure 5.14: Stress-Strain curves of (5) 10-ply compression molding samples with 1wt%
Nanoclay at -20◦C
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Figure 5.15: Stress-Strain curves of (5) 10-ply compression molding samples with 5wt%
Nanoclay at -20◦C
Figure 5.16: Stress-Strain curves comparing varying nanoclay percentages at -20◦C
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Table 5.4: Average values of material properties of compression molded epoxy/fiberglass
composites with 0wt%, 1wt%, and 5wt% nanoclay at -20◦C
Sample
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
0% 33.8 789.9 0.0349
1% 35.5 783.3 0.0326
5% 34.5 809.7 0.0357
The results from the low temperature tensile test at -20◦C seen in Figure 5.16 and Table 5.4
show an increase in performance for the epoxy/fiberglass compression molded composite
with nanoclay reinforcement. The stiffness, ultimate tensile strength and failure strain for
1wt% and 5wt% nanoclay addition are all higher than the material with no addition of
nanoclay at -20◦C as well as all of the room temperature results for 0wt%, 1wt%, and
5wt%. Comparing the mechanical properties for the composite containing 0wt% nanoclay
at -20◦C and room temperature, it is seen that there is an increase in stiffness and strength,
but the failure strain remains consistent. These results show that an increase in nanoclay
reinforcement leads to a higher Young’s modulus, ultimate tensile strength and failure
strain at -20◦C. Though, it is important to note that with the addition of 1wt% nanoclay,
the composite becomes more brittle than the composite with no nanoclay, however the
opposite is true when the addition of nanoclay is increased to 5wt% since the failure strain
is increased by 28% with this amount of nanoclay at -20◦C.
Low temperature tensile test: -54◦C
Lastly, the compression molded epoxy/fiberglass composites containing 0wt%, 1wt%, and
5wt% nanoclay were then tested at -54◦C. The stress-strain curves calculated for these
specimens at -54◦C can be seen in Figures 5.17-5.20.
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Figure 5.17: Stress-Strain curves of (5) 10-ply compression molding samples with 0wt%
Nanoclay at -54◦C
Figure 5.18: Stress-Strain curves of (5) 10-ply compression molding samples with 1wt%
Nanoclay at -54◦C
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Figure 5.19: Stress-Strain curves of (5) 10-ply compression molding samples with 5wt%
Nanoclay at -54◦C
Figure 5.20: Stress-Strain curves comparing varying nanoclay percentages at -54◦C
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Table 5.5: Average values of material properties of compression molded epoxy/fiberglass
composites with 0wt%, 1wt%, and 5wt% nanoclay at -54◦C
Sample
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
0% 37.6 828.8 0.0361
1% 33.0 826.6 0.0359
5% 33.0 863.0 0.0382
From the results shown in Figure 5.20 and Table 5.5, it is seen that the Young’s modulus is
reduced when compared to the results from the tensile test at -20◦C, but unchanged when
compared to the results from the tensile test at room temperature. The Young’s modulus
for the 1wt% and 5wt% specimens is lower than that of the 0wt% specimen, indicating that
as the temperature is decreased further, the affect of the nanoclay reinforcement becomes
counterproductive in terms of stiffness. However, at this temperature, the ultimate tensile
strength is improved with the addition of nanoclay and show superior performance when
compared to the results from the tensile tests at -20◦C and room temperature. The failure
strain is unchanged for the 0wt% specimen while compared to the room temperature results,
yet the failure strain increased with the addition of nanoclay at -54◦C. Similar to the
results from the tensile test at -20◦C seen in Figure 5.16, the specimen containing 1wt%
reinforcement is more brittle and the 5wt% specimen exhibits a higher failure strain when
compared to the 0wt% specimen at this temperature, -54◦C.
Comparison of stress-strain curves at various temperatures for a given nanoclay
reinforcement percentage
The stress-strain curves for each specimen of a given nanoclay reinforcement percentage
obtained at -54◦C, -20◦C, room temperature, 49◦C, and 71◦C are plotted simultaneously
on the same graph to demonstrate the effect of temperature on the compression molded
epoxy/fiberglass composite with and without nanoclay. Figures 5.21-5.23 show the stress-
strain curves of the specimens containing 0wt%, 1wt% and 5wt% nanoclay respectively.
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Figure 5.21: Stress-strain curves comparing the compression molded composites containing
0wt% nanoclay at -54◦C, -20◦C, room temperature, 49◦C, and 71◦C
Figure 5.22: Stress-strain curves comparing the compression molded composites containing
1wt% nanoclay at -54◦C, -20◦C, room temperature, 49◦C, and 71◦C
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Figure 5.23: Stress-strain curves comparing the compression molded composites containing
5wt% nanoclay at -54◦C, -20◦C, room temperature, 49◦C, and 71◦C
These results indicate that as the temperature increases, the material properties signifi-
cantly degrade. With higher temperatures, the Young’s modulus, ultimate tensile strength
and failure strain are all reduced. It is interesting to note that as the temperature increases,
the composite becomes more brittle. At colder temperatures, the addition of nanoclay im-
proves the mechanical behavior of the material, increasing the Young’s modulus, ultimate
tensile strength and failure strain. These results are tabulated below in Table 5.6
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Table 5.6: Material properties of compression molded epoxy/fiberglass composites with
0wt%, 1wt%, and 5wt% nanoclay at -54◦C, -20◦C, Room Temp., 49◦C and 71◦C
Sample Temperature
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
-54◦C 37.6 828.8 0.0361
-20◦C 33.8 789.9 0.0349
0wt% Room temp. 32.5 794.3 0.0371
49◦C 30.5 707.1 0.0353
71◦C 26.4 634.8 0.0336
-54◦C 33.0 826.6 0.0359
-20◦C 35.5 783.3 0.0326
1wt% Room Temp. 34.3 700.2 0.0307
49◦C 29.7 622.0 0.0299
71◦C 27.2 545.5 0.0289
-54◦C 33.0 863.0 0.0382
-20◦C 34.5 809.7 0.0357
5wt% Room Temp. 32.1 642.0 0.0278
49◦C 31.0 600.7 0.0283
71◦C 26.3 493.6 0.0267
Comparing Mechanical Properties with Temperature Variation
To gain a further understanding of the behavior of how the compression molded composites
act at varying temperatures, the Young’s modulus, ultimate tensile strength and failure
strain obtained from the tensile results for each nanoclay percentage are plotted in Figures
5.24-5.26
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Figure 5.24: Comparison of Young’s modulus with temperature
Figure 5.25: Comparison of ultimate tensile strength with temperature
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Figure 5.26: Comparison of failure strain with temperature
Figures 5.24-5.26 clearly show that as the temperature is decreased, the mechanical prop-
erties (Young’s modulus, ultimate tensile strength and failure strain) for the compression
molded composite increase. These figures also indicate that aside from the Young’s mod-
ulus being higher for a 1wt% addition at room temperature and -20◦C, the addition of
nanoclay appears to have a deleterious effect on the composite at higher temperatures.
Not only does the presence of nanoclay in the composite make the material weaker at
higher temperatures, but it makes the composite more brittle and has little to no affect on
the stiffness.
Comparing Mechanical Properties with Nanoclay Percentage Variation
The results from the tensile tests are now plotted with varying nanoclay percentage for
each test temperature in Figures 5.27-5.29.
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Figure 5.27: Comparison of Young’s modulus with nanoclay addition
Figure 5.28: Comparison of ultimate tensile strength with nanoclay addition
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Figure 5.29: Comparison of strain with nanoclay addition
Figures 5.27-5.29 confirm the previous observations that the presence of nanoclay reduces
the mechanical properties at higher temperatures, but improves strength and failure strain
at low temperatures, as well as having little to no affect on the stiffness.
5.1.3 Comparing Tensile Results: Compression Molding & Vacuum In-
fusion
The tensile results from the compression molded specimens are plotted with the data pro-
vided from tensile tests conducted on the specimens manufactured by the vacuum infusion
method. Figures 5.30-5.32 compare the stress-strain curves from compression molding and
vacuum infusion for 0wt%, 1wt% and 5wt% nanoclay respectively at -54◦C, -20◦C, room
temperature, 49◦C, and 71◦C.
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Figure 5.30: Comparison between vacuum infusion and compression molding manufactur-
ing techniques for 0wt% nanoclay addition at all temperatures
Figure 5.31: Comparison between vacuum infusion and compression molding manufactur-
ing techniques for 1wt% nanoclay addition at all temperatures
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Figure 5.32: Comparison between vacuum infusion and compression molding manufactur-
ing techniques for 5wt% nanoclay addition at all temperatures
Figures 5.30-5.32 clearly show that for all temperatures and nanoclay percentages, the
compression molded specimens have a higher stiffness and strength, though all of the
vacuum infusion specimens have a higher failure strain. The vacuum infusion specimens
exhibit similar behavior to the compression molded samples in regards to reduction of
strength and stiffness of the material as the temperature is increased. The vacuum infusion
specimens also follow the trend of becoming more brittle as the temperature is increased.
The values for the composites manufactured by the vacuum infusion method are listed
below in Table 5.7
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Table 5.7: Material properties of vacuum infusion epoxy/fiberglass composites with 0wt%,
1wt%, and 5wt% nanoclay at -54◦C, -20◦C, Room Temp., 49◦C and 71◦C
Sample Temperature
Young’s Modulus,
E (GPa)
Ultimate Stress
(MPa)
Failure Strain
-54◦C 22.8 627.4 0.0380
-20◦C 21.8 587.4 0.0360
0wt% Room temp. 21.6 538.3 0.0360
49◦C 19.8 476.8 0.0320
71◦C 18.7 408.0 0.0310
-54◦C 23.5 734.9 0.0460
-20◦C 23.0 671.3 0.0430
1wt% Room Temp. 23.0 596.1 0.0380
49◦C 20.2 477.3 0.0330
71◦C 14.9 387.7 0.0300
-54◦C 23.6 737.5 0.0460
-20◦C 23.0 706.0 0.0460
5wt% Room Temp. 22.8 571.8 0.0380
49◦C 18.2 525.7 0.0390
71◦C 14.3 420.4 0.0350
However for a more accurate comparison, these materials will be compared per unit weight.
Unlike equations 1.1 and 1.1, which divide by the areal density, equations 5.1 and 5.2 will
divide by the volume density because equations 5.1 and 5.2 assume the same thickness for
both materials, whereas these tensile specimens have different thicknesses. The specific
modulus and specific strength will be found by the follow definitions:
Specific Modulus =
E
ρ
(5.1)
Specific Strength =
σult
ρ
(5.2)
With ρ being the density of the compression molded and vacuum infusion tensile specimens.
Since the compression molding and vacuum infusion processes result in materials having
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different thicknesses and more importantly different fiber fractions, investigating these two
parameters will give an accurate way to compare the performance of both materials.
The density of both materials was measured by using the water dispersion technique, where
the density for the compression molded composites was found to be ρ(CM) =2.129 g/cm
3
and for vacuum infusion, the density was found to be ρ(V I) =1.760 g/cm
3. Applying the
Equations 5.1 and 5.2 the specific modulus and specific strength are tabulated below in
Table 5.8.
Table 5.8: Average Specific Modulus and Specific Strength for all Compression Molded
(CM) and Vacuum Infusion (VI) specimens
Specific
Modulus
(MN-m/g)
Specific
Strength
(kN-m/g)
Failure
Strain
%
Sample Temp VI CM VI CM VI CM
0wt%
-54◦C 13.0 17.7 356.5 389.3 0.0380 0.0361
-20◦C 12.4 15.9 333.8 371.0 0.0360 0.0349
RT 12.3 15.2 305.9 373.1 0.0360 0.0371
49◦C 11.3 14.3 271.0 332.1 0.0320 0.0353
71◦C 10.6 12.4 231.8 298.1 0.0310 0.0336
1wt%
-54◦C 13.4 15.5 417.6 388.3 0.0460 0.0359
-20◦C 13.1 16.7 381.4 368.0 0.0430 0.0326
RT 13.1 16.1 338.7 323.9 0.0380 0.0307
49◦C 11.5 14.0 271.2 292.2 0.0330 0.0299
71◦C 8.5 12.8 220.3 256.2 0.0300 0.0289
5wt%
-54◦C 13.4 15.5 419.0 405.3 0.0460 0.0382
-20◦C 13.1 16.2 401.1 380.3 0.0460 0.0357
RT 13.0 15.1 324.4 301.6 0.0380 0.0278
49◦C 10.3 14.6 298.7 282.2 0.0390 0.0283
71◦C 8.1 12.4 238.9 231.8 0.0350 0.0267
By comparing how the two types of composites perform per unit of weight, we can see from
Table 5.8 that the compression molded composites perform at a much higher capability
than the vacuum infusion composites for the 0wt% nanoclay specimens only. The (10)-ply
composites made by compression molding have an 88% fiber fraction by weight which,
depending on the temperature and the amount of nanoclay added, can achieve on average
a 30wt% increase in stiffness when compared to the (10)-ply composite manufactured by
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vacuum infusion, having a 63% fiber fraction by weight. The compression molding com-
posites also demonstrate an 18% increase in strength on average for the 0wt% specimens.
Though, with the addition of nanoclay reinforcement at 1wt% and 5wt% the mechanical
properties per unit of weight for the compression molded samples are lower than that of the
vacuum infusion specimens. The fractures for the tests at all temperatures and percentages
of nanoclay addition tabulated in Table 5.8 are shown below in Figures 5.33-5.35:
Figure 5.33: Tensile test fractures for 0wt% at all temperatures
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Figure 5.34: Tensile test fractures for 1wt% at all temperatures
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Figure 5.35: Tensile test fractures for 5wt% at all temperatures
Comparing Mechanical Properties with the Variance of Temperature in Com-
pression Molded and Vacuum Infusion Composites
To gain a further understanding of the behavior of how the change in temperature will affect
the two different composites with respect to one another, the Youngs modulus divided by
the density, ultimate tensile strength divided by the density and failure strain obtained
from the tensile results for each nanoclay percentage are plotted in Figures 5.36-5.38.
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Figure 5.36: Comparison of the specific modulus with temperature for compression molding
and vacuum infusion composites
Figure 5.37: Comparison of the specific strength with temperature for compression molding
and vacuum infusion composites
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Figure 5.38: Comparison of failure strain with temperature for compression molding and
vacuum infusion composites
Figure 5.36 demonstrates a similar trend for both the vacuum infusion and compression
molded composites in that the Young’s modulus decreases as temperature is increased.
However, unlike the compression molded composited, the addition of nanoclay in the vac-
uum infusion composite yields a higher Young’s modulus for both 1wt% and 5wt% for
temperatures at room temperature and below. Again, the results for the ultimate tensile
strength, seen in Figure 5.37, indicate a similar pattern, being that the ultimate tensile
strength decreases as temperature increases for both composites. The addition of nan-
oclay in the vacuum infusion composite strengthens the composites for all tempatures at
a 5wt% addition and all temperatures up to 49◦C for a 1wt% addition. Whereas for the
compression molded composites indicate either little to no change or a diminishing effect
on the composite with the addition of nanoclay. By analyzing the failure strain in Figure
5.38, it can be seen that the failure strain for both composites is similar for the composites
containing 0wt% nanoclay. However, the failure strain is increased for both 1wt% and
5wt% additions in the vacuum infusion composite and decreased for both percentages in
the compression molded composites.
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Comparing Mechanical Properties with the Variance of Nanoclay Addition in
Compression Molded and Vacuum Infusion Composites
To gain a further understanding of the behavior of how the variance in nanoclay addition
will affect the two different composites with respect to one another, the Youngs modulus
divided by the density, ultimate tensile strength divided by the density and failure strain
obtained from the tensile results for each test temperature are plotted in Figures 5.39-5.41.
Figure 5.39: Comparison of the specific modulus with nanoclay reinforcement for compres-
sion molding and vacuum infusion composites
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Figure 5.40: Comparison of the specific strength with nanoclay reinforcement for compres-
sion molding and vacuum infusion composites
Figure 5.41: Comparison of failure strain withnanoclay reinforcement for compression
molding and vacuum infusion composites
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With an increase in the amount of nanoclay added by weight, Figure 5.39 shows that there
is little to no change in the Young’s modulus for composites manufactured by either com-
pression molding or vacuum infusion. By increasing the amount of nanoclay, the ultimate
tensile strength, seen in Figure 5.40, is only increased for the low temperatures -20◦C and
-54◦C . As previously stated, there is an adverse affect with the addition of nanoclay for
composites manufactured by compression molding at higher temperatures, but little to no
changed for the vacuum infusion composites. The failure strain, seen in Figure 5.41 is in-
creased for all temperatures with an increased addition of nanoclay for the vacuum infusion
composites, though it is only increased at low temperatures for the compression molded
composites. Though, both composites follow the same trend in which the failure strain
is increased as the temperature is decreased. Lastly, it can be seen from these result in
Table 5.8 and Figure 5.40 that adding nanoclay reinforcement to the compression molded
composites reduces the ultimate tensile strength to lower values than the vacuum infusion
composites.
5.2 Low Velocity Impact Tests
5.2.1 The Effect of Nanoclay Reinforcement on Compression Molded
Composites Subjected to Low Velocity Impact Tests
Using the Instron-Dynatup 8250, a 13.254 kg mass was dropped from the highest height on
the machine, giving an impact velocity of 4.35 m/s and a target energy level of 126 Joules
at room temperature. With the recorded impact loads and velocities, the behavior of the
composites made by compression molding was analyzed as they were subjected to this low
velocity drop weight impact test. By first analyzing the time impact force of the compres-
sion molded composites containing no nanoclay reinforcement at room temperature, it can
be seen from Figure 5.42 that a total force of 25 kN was applied at the moment of impact.
Next, from Figure 5.43 it is shown that was no penetration for any of these impacts. This
is indicated by the rebound on these curves in this figure. If there was penetration, the
curve would taper off to the right, not rebound to the left
61
Figure 5.42: Time histories of the impact forces on three (34)-ply compression molded
composites
Figure 5.43: Force vs. displacement curves for three (34)-ply compression molded compos-
ites
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Depending on the impact energy, a low velocity impact will yield three interaction modes
between the impactor and composite specimen: impact energy, absorbed energy and re-
bound energy. If the energy absorbed by the specimen is very small, the impactor will
bounce back. On the other hand, if the energy is too high, no rebound will occur, or the
impactor will penetrate the material. Figure 5.44 below shows the typical energy curve
for a low velocity impact test for the case of rebound. In this study, the energy level was
selected to not penetrate the composite, yet still observe a significant amount of energy ab-
sorption. Figure 5.45 shows the energy time histories for four (34)-ply compression molded
composites with the tabled energy interaction modes in Table 5.9. From testing three
samples at room temperature, the average impact energy for this test was 128.7 Joules, the
average absorbed energy was 114 Joules and the average rebound energy was 14.1 Joules.
Figure 5.44: Interaction modes for low velocity drop weight tests
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Figure 5.45: Energy-time histories of the impact on three (34)-ply compression molded
composites
Table 5.9: Impact energy, absorbed energy and rebound energy for the low velocity impact
test of three (34)-ply compression molded composites
Sample
Impact
Energy (J)
Absorbed
Energy (J)
Rebound
Energy (J)
1 128.8 113.3 15.5
2 128.6 114.5 14.1
3 128.7 113.6 15.1
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Figure 5.46: Displacement-time histories of the impact on three (34)-ply compression
molded composites
Lastly, looking at the displacement-time histories of these tests in Figure 5.46, it can be see
that on average there is a total deflection of 8.4mm for the compression molded composites
subjected to a low velocity impact with a mass of 13.254 kg and a velocity of 4.35m/s.
Low Velocity Impact Test: 1wt% Nanoclay Addition
Low velocity impacts tests for the compression molded composites containing 1wt% nan-
oclay reinforcement are performed. Using the same procedure described in section 4.2.1,
the results for specimens containing 1wt% and are plotted below in Figures 5.47-5.50 and
tabulated in Table 5.10.
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Figure 5.47: Time histories of the impact forces on three (34)-ply compression molded
composites containing 1wt% nanoclay
Figure 5.48: Force vs. displacement curves for three (34)-ply compression molded compos-
ites containing 1wt% nanoclay
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Figure 5.49: Energy-time histories of the impact on three (34)-ply compression molded
composites containing 1wt% nanoclay
Figure 5.50: Displacement-time histories of the impact on three (34)-ply compression
molded composites containing 1wt% nanoclay
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Table 5.10: Impact energy, absorbed energy and rebound energy for the low velocity impact
test of three (34)-ply compression molded composites containing 1wt% nanoclay
Sample
Impact
Energy (J)
Absorbed
Energy (J)
Rebound
Energy (J)
1 128.8 118.6 10.2
2 128.8 117.4 11.4
3 128.7 119.1 9.6
From Figure 5.47 it can be seen that the compression molded composite with 1wt% nan-
oclay was subjected to an average force of 24.1 kN. From Figure 5.50, it can be seen that
there is a max displacement of 8.7mm. Figure 5.48 shows that there was no penetration
by the rebound shape of the curve. Lastly, Figure 5.49 shows an average impact energy of
128.8 J, an average energy absorption of 118.4 J and an average rebound of 10.4 J. The
energy results are tabulated in Table 5.10
Low Velocity Impact Test: 5wt% Nanoclay Additon
Figure 5.51: Time histories of the impact forces on three (34)-ply compression molded
composites containing 5wt% nanoclay
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Figure 5.52: Force vs. displacement curves for three (34)-ply compression molded compos-
ites containing 5wt% nanoclay
Figure 5.53: Energy-time histories of the impact on three (34)-ply compression molded
composites containing 5wt% nanoclay
69
Figure 5.54: Displacement-time histories of the impact on three (34)-ply compression
molded composites containing 5wt% nanoclay
Table 5.11: Impact energy, absorbed energy and rebound energy for the low velocity impact
test of three (34)-ply compression molded composites containing 5wt% nanoclay
Sample
Impact
Energy (J)
Absorbed
Energy (J)
Rebound
Energy (J)
1 128.1 121.5 6.6
2 128.2 124.1 4.1
3 128.3 123.9 4.4
From Figure 5.51 it can be seen that the compression molded composite with 5wt% nan-
oclay was subjected to an average force of 20.9 kN. From Figure 5.54, it can be seen that
there is a max displacement of 10.1mm. Figure 5.52 shows that there was no penetration
by the rebound shape of the curve. Lastly, Figure 5.53 shows an average impact energy
of 128.2 J, an average energy absorption of 123.2 J and an average rebound of 5.0 J. The
energy results are tabulated in Table 5.11
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Comparing Low Velocity Impact Results for Compression Molded Composites
containing 0wt%, 1wt% and 5wt% Nanoclay
Comparing the Force vs. Displacement and Energy vs. Time graphs, it clearly seen that
there is a reduction in performance with the addition of the nanoclay reinforcement. As
shown in Figure 5.55 the overall displacement for the sample grows successively larger as
the amount of nanoclay increases. This shows that as the amount of nanoclay is increased,
the composite becomes more brittle. This result also is consistent with the tensile test
results shown Figure 5.29. From the energy-time history graph comparing the composites
containing different amounts of nanoclay, it can be seen from Figure 5.56 that as the
amount of nanoclay reinforcement is increased, the energy absorption is increased, which
indicates a higher amount of damage in the composite.
Figure 5.55: Force vs. displacement curves for the (34)-ply compression molded composites
containing 0wt%, 1wt% and 5wt% nanoclay
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Figure 5.56: Energy-time histories of the impact on the (34)-ply compression molded com-
posites containing 0wt%, 1wt% and 5wt% nanoclay
5.2.2 Comparing Low Velocity Impact Results: Compression Molding &
Vacuum Infusion
The low velocity impact tests for the vacuum infusion composites were tested with the same
parameters as the compression molded composites for this study. The results provided for
the low impact velocity tests for the vacuum infusion composites containing no nanoclay
reinforcement are compared to the results for the compression molding composites with
respect to the areal densities of these materials. The areal density measured for the vacuum
infusion composite samples with a 1/4” thickness is ρA(V I) = 1.006 g/cm
2 and for the
compression molded composites, ρA(CM) = 1.2167 g/cm
2.
First, looking at the displacement-time histories of the two composites in Figure 5.57, it
can be seen that the compression molding sample was subjected to a force per areal density
of 20.8 kN/(g/cm2), whereas the vacuum infusion sample was subjected to a force per areal
density of 17.6 kN/(g/cm2).
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Figure 5.57: Time histories of force impact curves comparing compression molding and
vacuum infusion for 0wt% nanoclay
From the force vs. displacement curves in Figure 5.58, the compression molded composite
deflects a maximum of 8.4mm whereas the vacuum infusion composite has a maximum
deflection of 11.5mm. It is also important to note that neither the compression molded
composite nor the vacuum infusion composite were fully penetrated at this energy level,
which can be seen by the rebounded shapes in force vs. displacement plot.
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Figure 5.58: Force vs. Displacement curves comparing compression molding and vacuum
infusion for 0wt% nanoclay
Figure 5.59: Energy-time histories of the impacts comparing compression molding and
vacuum infusion for 0wt% nanoclay
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Table 5.12: Impact energy, absorbed energy and rebound energy for the low velocity impact
test of the compression molded and vacuum infusion samples for 0wt% nanoclay
Sample
Impact
Energy
J/(g/cm2)
Absorbed
Energy
J/(g/cm2)
Rebound
Energy
J/(g/cm2)
CM 105.8 93.1 12.7
VI 128.6 128.3 0.3
The energy vs. time plot in Figure 5.59 shows an impact energy per areal density of 105.8
J/(g/cm2) for the compression molded composite and 128.6 J/(g/cm2) for the vacuum
infusion composite. The compression molded composite has an absorbed energy per areal
density of 93.1 J/(g/cm2) and 128.3 J/(g/cm2) for the vacuum infusion composite. The
rebound energy per areal density for the compression composite is 12.7 J/(g/cm2), whereas
the rebound energy is only 0.3 J/(g/cm2) for the vacuum infusion composite.
From these results it can be seen that at this energy level, the vacuum infusion composite
goes beyond its elastic region and cannot recover any of its original form. The compression
molded composite absorbed 17% less energy per areal density and it was able to rebound
12.7 Joules per g/cm2. The energy recovery is especially apparent while observing dam-
age inflicted by viewing the cross-sectional damaged area for both composites. The two
composites were machined through the center of the impact mark to reveal the inflicted
damage. By comparing the compression molded composite in Figure 5.60 to the vacuum in-
fusion composite in Figure 5.61 we can see that the delaminatation area in the compression
molded composite is far less than in the vacuum infusion composite.
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Figure 5.60: Cross-sectional area of the damage in the compression molded compression
by the low velocity impact test containing 0wt% nanoclay
Figure 5.61: Cross-sectional area of the damage in the vacuum infusion compression by the
low velocity impact test containing 0wt% nanoclay
Inspecting the front and back sides of both composites after the low impact velocity impact
test, we can see that there is a larger damage area on the back side of the vacuum infusion
panel. The impact area appears to be very similar for the front side of both composites.
The damaged composites are shown below in Figure 5.62.
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Figure 5.62: Front and back side of the damaged areas of the compression molded and
vacuum infusion composites containing 0wt% nanoclay
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5.2.3 Comparing the Effects of Nanoclay Reinforcement on Compres-
sion Molded and Vacuum Infusion Composites Subjected to Low
Velocity Impact Tests
Due to the lack of data provided for the vacuum infusion composites, only the amount
of 5wt% nanoclay addition will be compared. The results provided for the low impact
velocity tests for the vacuum infusion composites containing 5wt% nanoclay reinforcement
are compared to the results for the compression molding composites with respect to the
areal densities of these materials. Looking at the displacement-time history curves of the
two composites in Figure 5.63, it can be seen that the compression molding sample was
subjected to a force per areal density of 16.8 kN/(g/cm2), whereas the vacuum infusion
sample was subjected to a force per areal density of 22.6 kN/(g/cm2).
Figure 5.63: Time histories of force impact curves comparing compression molding and
vacuum infusion for 5wt% nanoclay
From the force vs. displacement curves in Figure 5.64, the compression molded composite
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deflects a maximum of 10.3mm whereas the vacuum infusion composite has a maximum
deflection of 9.4mm. It is also important to note that neither the compression molded
composite nor the vacuum infusion composite were fully penetrated at this energy level,
which can be seen by the rebounded shapes in force vs. displacement plot.
Figure 5.64: Force vs. Displacement curves comparing compression molding and vacuum
infusion for 5wt% nanoclay
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Figure 5.65: Energy-time histories of the impacts comparing compression molding and
vacuum infusion for 5wt% nanoclay
Table 5.13: Impact energy, absorbed energy and rebound energy for the low velocity impact
test of the compression molded and vacuum infusion samples for 5wt% nanoclay
Sample
Impact
Energy
J/(g/cm2)
Absorbed
Energy
J/(g/cm2)
Rebound
Energy
J/(g/cm2)
CM 105.4 102.0 3.4
VI 128.1 118.8 9.3
The energy vs. time plot in Figure 5.65 shows an impact energy per areal density of 105.4
J/(g/cm2) for the compression molded composite and 128.1 J/(g/cm2) for the vacuum
infusion composite. The compression molded composite has an absorbed energy per areal
density of 102.0 J/(g/cm2) and 118.8 J/(g/cm2) for the vacuum infusion composite. The
rebound energy per areal density for the compression composite is 3.4 J/(g/cm2), while
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the rebound energy is 9.3 J/(g/cm2) for the vacuum infusion composite.
From these results it can be seen that at this energy level, the performance of the vacuum
infusion composite is improved with the addition of 5wt% nanoclay compared to both the
compression molded composite with 5wt% and the vacuum infusion composite with 0wt%.
At 5wt%, the compression molded composite absorbs 14.1% less energy and rebounds 63.4
less energy than the vacuum infusion composite.
Comparing All Nanoclay Percentages for Compression Molding and Vacuum
Infusion Low Impact Velocity Tests Per Areal Density
Figures 5.66-5.69 compare the low velocity impact test results for the compression molded
and vacuum infusion composited. From Figure 5.68, it can be seen that the vacuum infu-
sion composites absorb more energy per unit of weight, but with the compression molded
composites being more stiff, they are able to achieve a higher energy rebound. Though,
with the nanoclay reinforcement, the vacuum infusion panel is capable of absorbing more
energy and rebounding as much energy as the compression molded composites.
Figure 5.66: Force-time history per areal density curves comparing compression molded
and vacuum infusion composites containing 0wt%, 1wt% and 5wt% nanoclay
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Figure 5.67: Force per areal density vs. displacement curves comparing compression molded
and vacuum infusion composites containing 0wt%, 1wt% and 5wt% nanoclay
Figure 5.68: Energy per areal density vs time curves comparing compression molded and
vacuum infusion composites containing 0wt%, 1wt% and 5wt% nanoclay
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Figure 5.69: Displacement-time history curves comparing the compression molded and
vacuum infusion composites containing 0wt%, 1wt% and 5wt% nanoclay
Table 5.14: Comparison of compression molding and vacuum infusion for low impact ve-
locity tests per areal density for 0wt%, 1wt% and 5wt% nanoclay
Force
kN/(g/cm2)
Disp.
(mm)
Impact
Energy
J/(g/cm2)
Absorbed
Energy
J/(g/cm2)
Rebound
Energy
J/(g/cm2)
Sample VI CM VI CM VI CM VI CM VI CM
0wt% 17.6 20.8 11.5 8.4 128.6 105.8 128.3 93.1 0.3 12.7
1wt% - 19.6 - 8.8 - 105.8 - 97.9 - 7.9
5wt% 22.6 16.8 9.4 10.2 128.1 105.4 118.8 101.9 9.3 3.5
Comparing All Nanoay Percentages for Compression Molding and Vacuum
Infusion Low Impact Velocity Tests (Raw Results)
Comparing the compression molded and vacuum infusion composites, it is seen in Figure
5.71 that the compression molded composite is subjected to a 42% higher peak force, while
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deflecting 26% less for 0wt% nanoclay. Yet, at nanoclay reinforcement levels of 5wt%,
the (20)-ply vacuum infusion panel outperforms the (34)-ply compression molded panel.
For the same impact energy, seen in Figure 5.72, the vacuum infusion panel with 5wt%
nanoclay, which contains (14) less layers of fiber, is capable of rebounding more than double
the amount of energy than the compression molded composite.
Figure 5.70: Force-time history curves comparing compression molded and vacuum infusion
composites containing 0wt%, 1wt% and 5wt% nanoclay
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Figure 5.71: Force vs. displacement curves comparing compression molded and vacuum
infusion composites containing 0wt%, 1wt% and 5wt% nanoclay
Figure 5.72: Energy-time history curves comparing compression molded and vacuum infu-
sion composites containing 0wt%, 1wt% and 5wt% nanoclay
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Figure 5.73: Displacement-time history curves comparing the compression molded and
vacuum infusion composites containing 0wt%, 1wt% and 5wt% nanoclay
Table 5.15: Comparison of compression molding and vacuum infusion for low impact ve-
locity tests per areal density for 0wt%, 1wt% and 5wt% nanoclay
Force
(kN)
Displacement
(mm)
Impact
Energy (J)
Absorbed
Energy (J)
Rebound
Energy (J)
Sample VI CM VI CM VI CM VI CM VI CM
0wt% 17.7 25.3 11.5 8.4 128.9 128.8 128.6 113.3 0.3 15.5
1wt% - 23.8 - 8.8 - 128.7 - 119.1 - 9.7
5wt% 22.7 20.4 9.3 10.2 128.8 128.8 119.5 123.9 9.3 4.3
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5.3 High Velocity Impact Tests
5.3.1 Determination of the V50
Using the compressed helium gas-gun, 17 shots with the 22 caliber FSP were fired at
both the compression molded composite and vacuum infusion composite. The impact and
residual velocities were calculated using a high speed camera coupled with image tracking
software in MatLab, shown in Figures 5.74.
Figure 5.74: Image tracking using high speed digital photography and software coded in
MatLab
The results of these test shots are plotted in Figure 5.75 and tabulated in Table 5.16. The
velocity required for the projectile to penetrate through the composite 50wt% of the time,
or the V50, is determined by taking the average of 3 shots above and below the physical limit
of the composite. By using the data acquired in Table 5.16, the V50 for the compression
molded composite was found to be 418.9 m/s and the V50 for the vacuum infusion panel
was found to be 380.0 m/s.
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Figure 5.75: Incident vs. residual speeds of the FSP projectile
Table 5.16: Incident and residual shot speeds for all high speed velocity impact tests
Incident Speed
m/s
Residual Speed
m/s
Projectile
Penetration
Test VI CM VI CM VI CM
1 544.0 527.8 392.0 300.9 P P
2 514.0 533.0 320.0 301.5 P P
3 466.0 507.0 254.0 272.7 P P
4 448.0 490.0 212.0 280.9 P P
5 398.0 460.0 120.0 2577 P P
6 395.0 435.0 117.0 139.6 P P
7 395.0 406.0 96.0 0.0 P NP
8 392.0 394.0 70.0 0.0 P NP
9 388.0 407.0 17.0 0.0 P NP
10 372.0 420.0 0.0 35.4 NP P
11 372.0 413.0 0.0 0.0 NP NP
12 366.0 411.0 0.0 0.0 NP NP
13 356.0 426.0 0.0 82.8 NP P
14 346.0 414.0 0.0 0.0 NP NP
15 345.0 396.0 -14.0 0.0 NP NP
16 340.0 428.0 -16.0 64.5 NP P
17 339.0 409.0 -21.0 0.0 NP NP
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5.3.2 Comparing High Velocity Impact Results: Compression Molding
& Vacuum Infusion
The energy absorption for the V50 speeds of the composites is found by the equation:
KE =
1
2
mv2 (5.3)
Now from this equation, the energy absorption is shown below in Table 5.17:
Table 5.17: Energy absorption of the composite panels
Sample
Energy Absorbed
kJ
Per Areal Density
KE/ρA
kJ/(g/cm2)
CM 96.5 79.3
VI 79.8 79.3
From the results in Figure 5.75 and Table 5.16, the (34)-ply 1/4” thick compression molded
composite is able to stop an FSP traveling 40 m/s faster than the the (20)-ply 1/4” thick
vacuum infusion panel. Note that the negative residual speeds given in Table 5.16 denote
an FSP projectile that was a non-penetrating shot that rebounded off of the composite
panel. Now, comparing the densities, with a 20.9% greater density, the compression molded
composite is able to stop an FSP traveling at 10.2% faster. Though, as seen in Table
5.17, when normalizing by the areal density, the compression molded and vacuum infusion
composites absorb the same amount of energy per unit weight. Looking at Table 5.18, it is
seen that per unit weight, the vacuum infusion panel is more efficient absorbing the impact
of a 22 calibur FSP.
Table 5.18: V50 per areal density
Sample V50 V50/ρA
CM 418.9 344.3
VI 380.8 378.5
From the images of the high speed velocity impacts in Figure 5.76 it is evident that there
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is a larger amount of delamination area in the compression molded panels. This can be
seen by the larger dark areas surrounding the point of impact for both non-penetrating
and penetrating shots.
Figure 5.76: Image of the high speed velocity impacts of the front (L) and back (R) of the
vacuum infusion and compression molded composites
Chapter 6
Discussion and Conclusions
An experimental study was conducted to analyze two manufacturing processes for pro-
ducing fiber reinforced composite laminates. The efficiency of the two processes, vacuum
infusion and compression molding, were analyzed by a measure of their cost, required la-
bor and the differences in mechanical properties between the composites produced by these
processes.
The composites were first analyzed by performing tensile tests with specimens containing
various amounts of nanoclay reinforcement at various temperatures to determine the ba-
sic mechanical properties, such as Young’s modulus, ultimate tensile strength and failure
strain. Low velocity impact tests were then performed on specimens containing various
amounts of nanoclay reinforcement at room temperature to study how the two composites
behaved for low energy impacts. Finally, high velocity impact tests were performed on the
0% nanoclay specimens at room temperature only to determine the v50 of the specimens.
An analysis of the tensile test results indicates that for the 0% nanoclay specimens, the
compression molded composites have a higher strength and stiffness per unit weight than
the vacuum infusion composites, while the vacuum infusion composites have a higher failure
strain. The two composites followed similar trends being that as the temperature decreased,
the Young’s modulus, ultimate tensile strength and failure increased. High temperatures
appear to have a deleterious effect on both specimens. The introduction of nanoclay
produced little to no change in the stiffness for both composites at room temperature and
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below, but there was a steady decrease in the Young’s modulus for the composite samples
as the temperature and nanoclay reinforcement were increased. Increasing amounts of
nanoclay made the compression molded composite weaker and more brittle, while the
strength and failure strain were increased for the vacuum infusion composites with an
increase in nanoclay reinforcement. Though, at lower temperatures, the ultimate tensile
strength and failure strain were improved for both composites. Overall, the variance in
temperature was observed to have more of an impact on performance than the addition of
nanoclay.
Low velocity impact tests revealed that for the 0wt% nanoclay specimens of the same
thickness, the compression molded composites showed superior performance, absorbing
less energy and rebounding more than the vacuum infusion composites. With the intro-
duction of nanoclay, the compression molded composites became more brittle and were
able to rebound less energy than the specimens without nanoclay, though at levels of 5wt%
nanoclay, the delamination area was reduced and no cracks had propagated. However, the
vacuum infusion composite, having (14) less layers of fiberglass, containing 5wt% nanoclay
reinforcement was able to absorb and rebound as much energy as the 1wt% compression
molded composite. The addition of nanoclay reinforcement showed a significant improved
for the vacuum infusion composites under a low velocity impact, but had an adverse effect
on the compression molded composites.
Subjecting the two composites to high velocity impacts, revealed that the 1/4in. (34)-
ply compression molded composite can stop a 22 calibur FSP traveling approximately 40
m/s faster than the 1/4in. (20)-ply vacuum infusion panel can. Looking at these energy
absorption per areal density, it was seen that they are identical for both composites. This
observation is crucial if these materials are selected for armor because even though the
compression molded panel has a higher V50, it is 21% more dense. This will become
a trade-off between carrying more weight and having a higher amount of protection, or
having slightly less protection and saving costs on energy with vehicles protected with
these composites.
The initial costs for compression molding are about 15% higher depending on the equipment
purchased, but if the product is to be manufactured in high production runs, the savings
will be substantial because the manufacturing time and labor involved for compression
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molding is much less intensive than vacuum infusion. Though, if small production runs
of highly complex fiber-woven composites are desired, vacuum infusion is the preferred
method. Due to the lost costs and the malleability of the vacuum bag, large and complex
parts are much easier to fabricate with this method.
Conclusions:
• With the higher fiber densities gained from the compression molding process, these
composites yield a higher Young’s modulus and ultimate tensile strength, but a lower
failure strain than vacuum infusion composites.
• Compression molded composites are stiffer and stronger per unit of weight than
vacuum infusion without nanoclay for all temperatures.
• Both composites manufactured from compression molding and vacuum infusion ex-
hibit greater mechanical performance at lower temperatures. With an increase in
temperature, these fiberglass/epoxy composites became more brittle.
• With the introduction of nanoclay, there are no significant changes to the stiffness for
either composite, though the ultimate tensile strength per unit weight for the vacuum
infusion composites becomes higher than the compression molded composites
• With the introduction of nanoclay, the ultimate tensile strength and failure strain
are improved at low temperatures for both compression molded and vacuum infusion
composites.
• Under a low velocity impact, the compression molded composites absorb less energy
and rebound more for specimens containing 0wt% nanoclay.
• With the addition of nanoclay, the performance of the compression molded compos-
ites degrades when subjected to a low velocity impact.
• At 5wt% nanoclay reinforcement, the compression molded composites have a smaller
delamination area and have no surface crack propagation when subjected to a low
velocity impact.
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• At 5wt% nanoclay reinforcement, the vacuum infusion composites show an increase
in performance. These composites perform as well as the compression molded com-
posites containing 1wt%. Thus showing that for composites of the same thickness
and lower areal density, can match the performance of a composite with a higher
areal density by adding nanoclay reinforcement for a low velocity impact.
• The (34)-ply compression molded composite has a V50 40 m/s higher than the (20)-
ply vacuum infusion composite.
• Per areal density, the compression molded and vacuum infusion composites absorb
the same amount of energy at their V50 speed.
• The parameter V50/ρA is higher for the vacuum infusion composite than the com-
pression molded composite.
• The initial costs for compression molding are higher, but this process easily allows for
high production runs and small lead times, thus showing a greater long term profit
gain.
• Vacuum infusion is initially cheaper and allows for larger, more complex composites
to be produced with greater ease, but is not well suited for large production runs.
Future Work
By extrapolating on this work, further investigations can be performed to study the inter-
action between the variance of temperature and nanoclay on both low and high velocity
impact tests. It was found that the compression molded composites performed slightly
better at room temperature, but future work is needed to demonstrate the difference areal
density can have on materials subjected to high velocity impacts at both low and high
temperatures. This work is required for a full understanding in the selection of composites
to be used as armor in various climates throughout the world.
The compression molded composites had a higher V50 for a 22 calibur FSP, which is rather
blunt, but another area of interest may be the interaction between the projectile shape and
the V50 of materials with different areal densities. The influence the projectile shape has
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over the V50 and areal density is another critical factor for selecting which manufacturing
process is more desirable for producing composite armor.
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